We propose an inexpensive novel rapid prototyping approach to a maskless and fully adaptive photolithographic process. Phase-only computer-generated holograms of lithographic masks displayed on a liquid-crystal-on-silicon spatial light modulator were used in a holographic optical lithography system. Using holographic projection allows diffraction-limited performance within the given parameters of the optical system, adaptive software refocusing, and a continuous, pixel-free pattern. With the demonstrator, we have successfully proven the concept for micrometer-size lithographic features. © 2010 Optical Society of America OCIS codes: 090.1760, 230.6120, 110.5220, 230.3720. The manufacturing of masks is one of the biggest recurring costs in lithographic processes, and hence there is a strong demand for a maskless lithographic system. For an optical maskless lithographic process, the deployment of an electrically addressed spatial light modulator (SLM) [1] in an image projection system increases the possible throughput compared with a direct laser writing system by using the inherent parallelism. However, the image projection system is bound to be pixelated, as it is a scaled reproduction of the SLM. Methods to overcome limitations caused by a fill factor less than 100% have recently been developed [2] . In 2008, a holographic system using a liquid-crystal-on-silicon (LCOS) SLM was developed to pattern a photosensitive resist in three dimensions [3] . By phase shifting and adjusting the focal plane of a hologram, whose reconstruction was an array of spots, it was proved that it was possible to write a 3D pattern into a photosensitive film. Computer-generated holograms (CGHs) of real images used in holographic projection systems have recently been under investigation. This work in holographic 2D video projection [4] proved that high-quality image generation is possible with the human eye as an intensity integrating device. However, the eye is an insensitive sensor, and different rules of reconstruction error and perception apply, while photosensitive films record intensities via their inherent, often nonlinear, work functions. Holograms of masks produced optically [5] or computer generated [6] are utilized in a fully holographic lithography system. In this Letter, we present a solution to replace the mask in a photolithographic process with a holographic optical projection system using an LCOS SLM. Phase-only holograms of a whole (or parts of) mask pattern enable us to expose arbitrary, large-area structures in a holographic optical maskless lithography system. Deploying a holographic projection system allows software refocusing, rotation, and shifting of a pattern in a pixelless, 2D or 3D reconstruction.
The manufacturing of masks is one of the biggest recurring costs in lithographic processes, and hence there is a strong demand for a maskless lithographic system. For an optical maskless lithographic process, the deployment of an electrically addressed spatial light modulator (SLM) [1] in an image projection system increases the possible throughput compared with a direct laser writing system by using the inherent parallelism. However, the image projection system is bound to be pixelated, as it is a scaled reproduction of the SLM. Methods to overcome limitations caused by a fill factor less than 100% have recently been developed [2] . In 2008, a holographic system using a liquid-crystal-on-silicon (LCOS) SLM was developed to pattern a photosensitive resist in three dimensions [3] . By phase shifting and adjusting the focal plane of a hologram, whose reconstruction was an array of spots, it was proved that it was possible to write a 3D pattern into a photosensitive film.
Computer-generated holograms (CGHs) of real images used in holographic projection systems have recently been under investigation. This work in holographic 2D video projection [4] proved that high-quality image generation is possible with the human eye as an intensity integrating device. However, the eye is an insensitive sensor, and different rules of reconstruction error and perception apply, while photosensitive films record intensities via their inherent, often nonlinear, work functions. Holograms of masks produced optically [5] or computer generated [6] are utilized in a fully holographic lithography system. In this Letter, we present a solution to replace the mask in a photolithographic process with a holographic optical projection system using an LCOS SLM. Phase-only holograms of a whole (or parts of) mask pattern enable us to expose arbitrary, large-area structures in a holographic optical maskless lithography system. Deploying a holographic projection system allows software refocusing, rotation, and shifting of a pattern in a pixelless, 2D or 3D reconstruction.
A Holoeye HOE1080P phase-only LCOS device was chosen as the SLM to display multiphase Fraunhofer holograms, implemented in the system as shown in Fig. 1 . The driving scheme was adapted to the wavelength of 402 nm, enabling a linear grayscale 2π phase shift function with 165 quantization steps. As the device uses a display-based variable mark-space ratio driving scheme for the grayscale [7] , the generated phase level fluctuated. This noise on the addressed phase level resulted in first-order intensity fluctuations with a frequency of 300 Hz. Their amplitude depended on the driving scheme [8] and addressed grayscale level (shown in [9] for a twisted nematic LCOS display) and caused hologram-dependent efficiency changes. As a result, the intensity of the zeroth and conjugate symmetric first order increased, and the usable area in the far field was restricted.
A 402 nm vertical-cavity surface-emitting laser diode was used as the light source. This wavelength was convenient, as it was in the operating range of the LCOS device and standard photoresists. The emitted light was coupled into a single-mode (SM) fiber to achieve a beam with a Gaussian intensity profile with a flat phase. The emerging beam was polarized and collimated; the I 0 =e 2 radius was 4:65 mm. The beam illuminated the SLM with normal incidence via a nonpolarizing beam splitter cube. The reflected phase-only modulated wavefront was Fourier transformed by a 75 mm focal length lens. In its focal plane, photoresist-covered samples were placed on an x-y-z stage. Slight imperfections in the beam collimation and the optical power added by the nonflat SLM surface led to an effective focal length (EFFL) of 72 mm. Scaled by the Fourier lens and determined via the grating equation, the maximum diffraction angle of the SLM results in a usable first-order area of 13:7 mm 2 . When simulated in Zemax, using a grating (0:0:01:0:64 lines=μm) for diffraction angles of up to 1:44°, the system had an almost diffraction-limited performance within this area. The limiting aperture of the system was the SLM, which slightly truncated the Gaussian intensity profile, leading to a diffraction-limited radius of 3:5 μm. While a top-hat illumination would have had the advantage of a smaller diffraction-limited spot size, an almost not truncated Gaussian profile was chosen, as it simplified the calculation of the exposure pattern spot sizes and shapes as there were no sidelobes compared with a strongly apertured beam.
Microscope glass slides spin coated with standard positive photoresist (HPR504) were used as samples. A spin coating at 4000 rpm gave a film thickness of 1:3 μm. The processed samples were soft baked on a hot plate for 120 s at 100°C (maximum sample surface temperature). After the exposure, the samples were developed for 10 s in a 20% AZ301 developer with a deionized water solution. Finally, they were hard baked for 2 min at 100°C in an oven.
Using iterative hologram generation algorithms, such as direct binary search [10] and simulated annealing [11] , it was possible to generate holograms with high-quality far-field reconstructions. However, the initial CGHs were generated via the Gerchberg-Saxton [12] (GS) algorithm. GS-based phase retrieval algorithms were modified and improved for hologram generation [13] , and while computational expense scales with the target area for the iterative algorithms, GS algorithms still excel owing to their speed. For the results shown in this Letter, we used a GS algorithm incorporating the dummy area approach [14] . Along with their higher modulation bandwidth and lower levels of background noise, multiphase holograms are distinguished from amplitude or binary phase holograms in that they have no conjugate symmetric order. However, there was a conjugate first order (7% of the available power) with an alternating amplitude (180°o ut of phase with the first order) triggered by imperfections such as the phase quantization and the phase noise on the addressed phase levels of the SLM. This also influenced the choice of the dummy areas, as the allowed intensity within these areas also had a conjugate symmetric order. Thus, to avoid additional background noise, the rotational symmetric quarter of the image quarter needed to be spared (see Fig. 2 ).
As is inherent with holographic systems, the generated far-field pattern was attenuated by a 2D sinc envelope function [15] , whose amplitude and width were determined by the pixel pitch and fill factor of the SLM, the EFFL of the Fourier transforming lens, and the laser wavelength. Thus, it was required to adapt the binary pixel values of the required target image according to their spatial position so that the reconstructed far-field pattern was uniform. The input image had a 1080 × 1080 resolution, which resulted in an equivalent pixelation of 3:5 μm pitch square pixels in the generated far field. However, this value is rather theoretical in nature, as the hologram is able to control the far field in a continuous manner and the pixel shape is dictated by the optical system.
The input image, as shown in Fig. 2 (left) , was divided into 20 subimages; for each subimage, five holograms with different initial random phases were calculated. This was done to reduce the effect of aliasing inherent in the discrete Fourier transform used in CGH generation [16] and average the occurring reconstruction noise [4] . During an exposure experiment, the generated phaseonly holograms were displayed consecutively on the SLM for the determined, efficiency, and content-dependent exposure times while having the laser set to a constant power. The resulting photoresist on glass pattern was imaged via a microscope and is shown for one 10× and two 50× magnifications for selected first-order areas of the target image in Figs. 3(a)-3(c) , respectively. To highlight the performance of the algorithm and optical system, only one in four pixels of the input image were used for Fig. 3(d) .
The results revealed a satisfactory quality of the recorded image; however, other than the negative effects of the photoresist processing and the nonperfect optical system, there were some errors found, which were inherent in the quantized holograms. The earlier mentioned aliasing could not be fully removed by the time sequential display of multiple holograms, as the defects in the larger exposed areas reveal. Simulations showed a maximal deviation of AE12% from the mean exposed pixel value; this influence can be best seen in Fig. 3(d) by the different sizes of the exposed spots. Furthermore, the digital nature of the CGH error led to lower quality of the edges between exposed and unexposed areas, as the spots of light were not placed perfectly within the boundaries of the pixelated reconstruction in the simulation.
The later problem could be solved via a hybrid system utilizing the holographic image approach introduced here for exposing larger areas and the holographic scanned beam approach introduced in [3] to define sharp edges. The uniformity within these areas can be increased via a larger number of averaging holograms [17] . Depending on the frame rate of the deployed SLM, this would result in an increased reconstruction quality without influencing the process time. Furthermore, system aberration corrected holograms enable a diffraction-limited performance, and by knowing the exact spot shape, a more elaborate hologram generation can allow a perfect exposure of larger areas.
With its unique features, such as an aberration-free, pixelless reconstruction, which can be refocused and rotated without any sampling losses in software, holographic projection is a viable choice for a maskless lithography system. Utilized in a conventional stepper [18] as a holographic image projection source, the system is able to work within its critical dimensions. As video holographic projection is about to enter the commercial world, specially made phase modulators, offering a higher phase modulation quality at cheaper prices, will be available. This can lead to inexpensive prototyping and high-throughput manufacturing maskless optical lithographic systems for optical, electronic, and other components.
One of the authors thanks Alps Electric Co., Ltd. for funding his research. Fig. 3 . (Color online) Photoresist on glass patterns generated by the maskless holographic optical lithographic demonstrator; the selected areas of the reconstructed input image (Fig. 2) were imaged via an optical microscope at (a) 10× and (b), (c) 50× magnification. The reconstruction shown at 50× magnification in (d) was generated from a set of holograms displaying only one in four pixels of the same input image.
